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. ABSTRACT
\_\

A study has been made of the liquid thermal diffusion method of
separating wranium isotopes, In the course of the research 29 diffusion
columns have been built and tested. At »present 2 14 unit pilot plant is
undergocing tests, Separations between end fractions of 45,54 have been
obtairzd Ty the use of two 48 fésl columns ccanected in_series. This
series pair is capaole of producing twoe frzstions of UFg, 1 kg of each,
possessing an isetope aeparation factor of 1,2,

¥ork to date shows the apparatus to be unususlly dcpendable and
capables of long time trouble free orpzration. Separatlon of uranium isotopes
or a large scale by the methcd is & precticel possitiiity. The initial cost
for = 1 kg 90% Tgggs Per day plant is estimated,at-—$38;000:006; Tne verious
other methods of lsotope separation are discussed. Liguid thermal diffusion
comperes favorably with any of theam,

An azlternstive to the 1 kg 90% Ug;s plent is presented. This in-
volves the preparation of large amounts of 1.6% Upzs and its use by the

Chicago aroup.

Potentialities for ilmpravemant of separation faetor and relaxa-
tion time have =ct been exhsusted, Further research werk is desirable
before the dssign of a large plant is attempted, __
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INTRODOCTION

(a) Authorization

1. This report is authorized by BuShips Project Order 47741 of
7/10/40, and ZuShips 1tr C-NF14/L1-2(7-13-58S) of 7/16/40.

(v) Statezent of Probdlem

2, In January 1939 = new vista was opened in science. For the
first time the possibility of tapping atomic energy vecame very real. IEx-
periments showed that a Uranium atom can be disintegrated by a neutren. In
this process, three neatrons are given off together with 200,000,000 elec-
tron volts of erergy. If cne pound of Ursnium could be tlus disintegrated,

a liberation of enmergy equivalent to that set free in the turaning of 1370
tons of coal would result., Investigations were begun in many laboratories to
accairilate more information about the process. It was found that only onz of
the isctopes of Uranium (U235) can be readily disintegrated in this way.
Moreover, U which constitutes 99.3% of ordinary Urenium sbsorbes meutrons
withont being disintegrated, thus acting to prevent the formation of an ex-
plosive chain reaction. Means were propesed for decreasing this absorbing
effect and indeed these give promise. EHowever, in order tec liberate energy
using ordinary Uranium it is necessary to assemble a pile of Uranium and
graphite weighing more than 100 tons in a special geometrical form. Experi-
ments on such a pile are in progress elsewhere. This method has the disad-
vantage of large weight and the energy cannot be liberated explosively.

3. Scientists genmerally agree that if sufficient Ugzs could dbe
collected together = violent explosion would occur. It has beea estimated
that 5-10 kgs of U235 assembled with a moderate amount of graphite would
¥ield an explosion of the same violence as 10,000 tons of I,N,T,

4, Triz Laboratory esrly became interested in the potentialities
of atomic energy ard has worked actively in thic field sinee its inception.
In the beginning the remearch centered on production of UF which at that time
wae z Qifficult materisl to synthesize and the lack of which constituted a
serious bottleneck in research being carried out by others. By June 1942 is
had become clear that the primsry barrier to the practical utilization of
atomic energy was the enormous probvlem of separsting the Uranium isotopes,

5, At least a dozen schemes have been proposed and investigated
ag methods Hr accomplishing the separation. Four of these have been devel-
oped to the state where their incorperation into a mamufacturiag plant is
undsr consideration, These methods are:

Hertz gaseous diffuslon
Ultra Centrifuge
Maes Spectrogreph
Ligquid Thermal Diffusion

Bebp
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6. A goal of LKG 90% U,as has been estzblighed. On this basis
the cost of a separating plant employing any of these schoxes is over
$25, 000,000, )

7. This report covers the work which has been done on the liquid
thermal diffueion method.

(e) History of Liguid Thermal Diffusion Research

8. All the other methcds *hat kave ao far proved to be practical
for the sepsration of Uranium isotopes were known previcus te September 1939
or have involved & minimum of developmental work in arriving st the present
status, Liguid thermai diffusion was considered quite impractical for iso-
tope separation. Indeed, work at four laborateries in this country indicated
that gaseous thermpl diffusicn, & close relative of liquid thermal diffusien,
would not even produce a measurable separation. Furthermore, in October 1940,
research performed at the General Electrie Laboratory in Schenectady on ¢hia
latter method yielded negative results, It was not until Jume 22, 1942 that
measurements were obtained which proved the method might be of real wvalue.

9. The use of liquid thermal diffusien as a means of separating
isotopes was begun by i{wo German scientists, Clusius and Dichel. They dis-
covered, in 1938, that large isotope separation could be obtained by gaseocus
thermal diffusion, In a short time thege men also showed that isotope sep-
aration of salts could te mads tc occur uslpg liquid thermal diffusion and
empleying water solutions for the werking substance. They obtained an ex-
ceedingly small separation of the isotopas of hydrcgen by using water as a
working substance. No work on the subject has Deen published in this country.
The suthcer!s interest in liquid thermal diffusion was first aroused in July,
1940 while employed by the Carnegie Institutionin Washington. At that time,
various means of Seperating Uranium isotopes were under consideration, &
review of the literature showed that among possible methods thermal diffusion
had consideradle promise, especially because it appeared that considerzble
quantities ¢of material might be handled by this method. & review of the 1it-
eratrre showed that the German ascientists had been the principel, if not the
sole workers, in the field. Usling water solutions of zinc¢ salts they had ob-
tained separation factors of 1,2 (20‘% szparation), However, this separation
wa5 accomparied by a2 seven—fold relative change in the salt concentrations of
the two fractions obtained. In other words, one could obtain from the top of
the apparatus a solution pcssessing a separation factor of 1.2 with respect
to the bottom fraction. However, the top solution possessed only 1/7 as much
solute per cc as the bottom.

10, By expanding this pparatus one could expect to obtein a separ~
ation factor of 2, but the top solution would then possess 1/2500 as much salt
as the boettom fraction. 4s one attempted ta go to z larger isotope separation,
ke would find ke could obtain suck separations but oaly at the cost of obtain-
ing vanishingly small yields of separated material. The German workers appear-
ed to consider liquid thermal diffusion a sclentific curiousity and made ne
attempt to develop the method into a practical means of separating isotopes.
What the Germans have done since September 1939 is a matter for corjecture.

SECHET -2 -
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Since th= laws governing the phenomera had not been systematically investi-
gated, a program was undertaken at the Carnegie Institition of Washington to
survey the potentialities and laws governing this phenomena. From the be-
ginning, the Naval Research Laboratory was actively interested, and in Septexmber
1940 the Laboratory entered into a con*ract with the Carneglie Institute of
Washington providing $2500 te ena®le the experiments to be continued and
expanded, In October 1940 the experizents were moved to the Mational Bu-
Teau of Standards. At that point Carnegie Institation of Washington was pay-
ing thz author's sslary, the Naval Resezrch Laboratory was furnishing the
necessary equipment and the Buresu of Standards was providing laboratory
fecilities and a chemist who assisted in chemical development, This arrange-
ment continued until June 1, 1841 when the author entered the employ of the
Navel Research Leboratory. 4 report was submitied to the Director of the
Naval Resesarch Laboratory describing in detail the results obtained between
July 1940 and June 1, 1941, Eleven ligquid thermal diffusion columns were
constructed. These were made of concentric tudbing about 1-1/2 inches in
diameter and from 2 to 12 feet long. A number of different wall spacings
were used ranging from 2 mm to .5 mm. With these columms water sclutions
of potassium salts were employed; sSeparation factor and relaxation time
were measured as a function of length, wall snacing and temperature dif-
ference between the kot and cold wall. The crucial variables proved to be
temperature difference and especially wall spacing. This latter varisble,
when changed by a factor of 2, ceused the relaxation tir: *e wvary from a
few minutes to many hours. It is of interest to note t.izi laiar research
has shown that the findingc on water solutions have v:.y limited applica-
tion to the study of what occurs when UX. is used z: a2 working substance.
Bowever, the use of salt solutions did point to the variables which might
prove important and at the beginning of the research an insufficient amount
of U¥g was available to test the method.

11, After the research oz potassium salts was completed, zn
attempt was made to apply the columns teo the isotope separation ¢f water
solutions of Uranmium szlts, This proved to be quite hopeless because all
wgter solutlons of Uranium salte tended to decompose at the surface of any
practical wall materials. In addition, there was the problem of overceming
the relative change in concentration between top and bottom fractions. 4s
tne work progressed it became increasingly clear that to be practieal, the
working substance in the ligquid thermal diffusion apparatus must be & single
stable compound. The sole known Uranium compound which might work was UFg.
However, no supply of this material was availsble and previcusly only a
few grams of the substance had ever been made. A new sultable method for
producing the substance in quantity was devised and 2 mumber of kilograms
were prepared. Preliminary expreriments to test vapor pressure, stability
and corrosiveress of the subsvance were carried out. As a result UFG was
introduced into two thermal diffusion columns and runs were made. Results
which appeared to be pesitive were obtained but later experiments’ geemed
to indicate that the analysis of the mixtures which was performed by Alfred
0.C, Nier and L.FP. Curtiss might not be corrasct., At that time these men
were just beginning to meke the Uranium isotope analysis and the resulis
were very little different from zero.

m -'3—
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1z, About June 1, 1941 the decision was made to pursue the study
of 1iquid thermal diffusion using 36 foot colurna at the Naval Pasearch
Latoratory. I$ was felt that a number of columns shoulid e built possessing
various spacings and that these columns should be tested at temperatures as
high or even higher than the ¢ritical temperature of UF_,, For this purpese
a 20 horse power high pressure, ges fired boiler was orﬁered and Mtineately
installed. This unit has proved to be capable of delivering 750 1bs. of
steam per hour at & pressure of 600 lbs. per squsse inch, Other materials
ircluding a centrifugal pump weres likewise ordered. Due to various delays
on the part of tke supplisrs, the equipment was not completed until Nevamber
1, 1941, At this point valusble time was lost when an experiment was per-
forned using ¢ardon tetrachloride as a working substance in the ¢clumn.
Positive results were obtained showing separation in the chlorine isotopes
and the effect could be easily measured by a change in density which occurred.
It was feurd that the light fraction differed in demsity by one part in 200
from that of the heavy fraction. However, accompanying the separation was a
decomposition of carbon tetrachloride, resulting, probably, in the formation
of compounds of the general formula G, Cle_‘.;. Indeed, in order to analyze
the material obtaired in the column it waS nécess ry to perform extensive
digtillations in a fractiomating column; ultimateiy it wasz found thot the
colunn had been ruirned since it was immossidle to clean out the heavy solid
decompasition products of carbon tetrachloride. It was necessary to con-
struct 2 new column (.53 mm spacing) which was completed about Januwary 1,
1942, This was given necessery preliminary conditicning treatment, to be
described later in this report, and placed in operation, The first reports
af enalysis of samples contained in this device were obtained about Februery
1, 1942 and gave the first positive results (25 separation). Further exper-
irents with the column yielded a 2-1/2% separation.

13. While these tests were irn progrees a new column was con-
structed which employed an increased spacing (.65 mm). It wes put into
operation March 1, 1942 and numerous runs were made under varving ccndi-
tions with it, These yielded a raximum of 1.2% separation. Prospects that
liguid thermal diffusion might be of value for large scale separation of
Uranium isotopez seemed dark indeed at this point, However, 2 third further
column was placed under construction employing a spacing of .38 mm, The

irst results from this were forth-coming on June 22, 1942. These showed a
separztion of 9.6% and indicated that by decreasing the spacing between the
hot and ¢cld walls to a somewhat smaller value that better results still,
might be obtained. One of the encouraging features was the fact that the
time necessary to obtaln substantially an equilidrium separation was two
days. A&t this point, it is convenlent to introduce what we c¢2ll a pseudo
equilibrium time which is defined »s the time required for the apparatus
to produce o separation equal tc 1/2 of the equilibrium value. The pseudo
equlibrium time for this new column was B hours and in spite 6f the increased
saparation that was obtained, this time was not greater than that found in
the columns possessing e wider spseing. This finding was in complete dis~
agreement with such predictions as Lhe2 been made by experts in the field of
isctope separation. In fact, one well Xnown expert had predicted a relaxa-
tion time for such a liquid thermal <iffusicn device of 100 years. During
July another column was placed in eperation having 2 spacing of .2 mm and
this led %o a separation factor of z1%. During the conmstructicn of the
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pilot plant a further column was tested which possessed a spacing of .14 mm.
The results from this apparatus clearly indicated that tha aptimum spacing
was greater thap this value and, in fact, separation factor fell to 12.5%.
It 43 felt that while the optimum spacing has been bracketed the best one
has not yet teen obtained, Indeed, the evidence suggests that optimm
spacing is a function of hot wall temperature. Teste are currently in
progress o determine optimem spacing and bot and cold wall temperatures
using the 36 foot expsrimantal columns #nd it 1s felt that the proper
operating spacing +ill be feund in the near future.

la. By August 1, 1942 it had tecome clear that the erection of
a npilot plant was desiratle. The use of 2 single column to acquire in-
formation reguired toc much time to get all the information that was needed
for design of a large plant, PForthermore, it was felt desiratle to gain
experience in the method of connecting columns in series and to obtain exw
perimental evidence on the pseudo equilibrium time as a fumction of the
mumber of columns connected in szrias, In addition, the permissilie rate
of withdrawsl of material was desired., The pilot plant was expecied te
provide information as to the dependability of the units and the feasi-
vility of operating a large plant with 2 mipimum ¢f difficulty. By Nov,
15 the plant was in = practically completed state and the first tests were
begun. Most of the diffizulties which required attention arose from such
zatters as inadequately tightened plumbing, pumps comnectingz to run back-
wards and so forth. By December 1 these troubles hsd been attended to,
5 columns hrd been cleaned flucrinated and filled with material. Iz the
period bLetween December 3 and Decemder 17 the apparatus was run continu-
ously with no shut down or brealkk down whet S0 ever. Indeed, so constant
were the various temperatures and operating characteristics that practi-
cally no attention was reqaired to insure successfil operstion, Many days
passed in which operating personnel did not touch any conirol device suck
as a valve or variac. No sign has arisen of any defect or difficulty which
might ceuse a progressive deterioriatiom of the apparatus. In fackt, it is
felt that any brezkdown which will oeccur will be due to estaplisted com-
mercial equipment rather than to the columns themselves, The sole diffi-
culty regarding column construction which has arisen to date resulited fronm
an arbitrary decislon whieh was, perhaps, not wisely made. If the o.d. c¢f
the monel spacers which center the nickel with respect to the copper is
made 3 thousandths of an inch less than the i.d. of the copper at Toom
temperavere, then nnder operzting conditions these two will just coincide.
However, this arbiirary choice does not allow for the fact that copper is
by no means c¢ircular., Hence, as the temperature of the copper and the
nickel begin to approach operating conditions the momel will tend to dind
on the copper, The difference in lzpgth between the copper and the nickel
changes about one-half inch on golng from ambient to operating temperatures.
Hence, if a conditior arises in which motion is restricted tremendous forces
are set up in the tudbing. These consist, generally, in tension in the copper
and compressicn in the nicltel. I drazing 12 foot sections of copper togeth-
er annealing of this metal occurs at the junetions. EHence, as the metal is
subjected to tensile force the copper imnds to give at the point a2t which it
was snnealed. Simultanecusly, with an increase in length oceurs a constrie-
tion in diameter whichan easily result in the normal spacing of 10 thousand-~
the of an inch being cut to less than 1 thousandthk, tnus interfering with
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nornsl operation of the apparstus. The difficulty was casily detected by
peasurement of k2 cxpansion of the nickel relative to the copper on going
frou enbient to operating temperature and then returning agnin to ambient
temperature. If copdltions ave proper a relestive expansion of spproximately
1/2 inch should occur on establishment of operating conditions. Om eooling
the length of the tubing should return to their initial conditioms. If it
is found that the copper has assumed a new and lcnger length the source of
the difficulty will be detected. In each of the 3 ¢ases where this con-
strictive diffienlty appeered it was detected before UF, was admitted Yo
the column, This difficulty oceurred in 3 ¢f 9 columna which have been
constructed. In the past on the 36 foot experimental columns 4 thousandths
of an inch instead of 3 thousandths of an ineh had beern allowed vetween the
copper and the nickel and no such difficulty was ever experienced,

1E. At present 6 columns are in operating condition amd additional
units are vnder censtruction, Assembly time for a unit is somewhat less than
a doy and 2 half., All other features of the plant are completed so that in
crder to place the 14 units in operation merely regquires the completion of 8
additicnei columns.,

TZE 36 FOOT EXPERTMENTAL PLANT
{a) ZEperimentszl Results

15, In the study of the variables which govern liquid tharmal
diffusion, one of the most important is the spacing between the hot and cold
walls. This varizble is the one least suseptable to theoretical study., Ex-
perimental results heve chown it to be the most crucial of all the variables
connected with this effect. %Le experimenial method employed was to con-—
struct a column possessing an arbitrarily chosen spaclrg znd then to study
the perforibance of the device keeping the cold wall at spproximately 60¢
and varving hot wail temperzturs. The followirng table indicates the nature
of the -zsults.

Column Ne. Spacing Aut. of U¥y; Best sep'n. Epproximate Power con-
in celumn obtained. pseudo equi- sumption
jibrium time AT = 150°%¢

1 .53 m 3200 grams 2.3 & .2% 16,000 cal/aec.
2 .66 mn 3800 grams 1,6 + .2% 8 hours 12,000 cal/sec.
3 .28 aa 2300 graos 10.6 + .3% 8 hours 21,000 cal/sec.
4 .2l m 14CC Zraus  20.4 + .3 15 hours 32,000 cal/sec.
5 .14 mm 1100 grams 12,6 + 3% 13 hours 40,000 cal/sec.

Froz this table it would appeer that the best spacing lies somewhere betwean
tha* employed in columns 3 and 4, i.e., in the region between the spacing of
.21 mm and .38 mm. This best spacing will be, in part, determined by pressure’
of steam whick is availsble. A descriptien of the results from individual
columis follows:

1]
13
4
1
o0
1
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Column #1

i7. This apparatus wes the first one constructed and a pest mortem
investigetion showed that the spaces wera not as well machined aes they could
be, In part of the column, the nickel was not comsirained in a position con-
centric with the copper. ZFurthermore, the isctope analysis performed else-
where gave trouble. However, a number of runs made 2t 170°C and 210°C gave a
value 2.3% as the test result and indicated a relaxation time of about one day.

Column F#2

18, In studying this apparatus improvements were made in sampling
technique and the meth>d of sampie withdrawal standardized. In all cases, SO
grans of material wer-: removed from the column in such a way as to create a
minimum disturbarce to the distribution of material.

Hot Wall Cold Wall Length of Bun % Separation
17PC 62°C 2 hrs. 1.2 + .2
215‘;13 62°C 24 hrs, 1,1 + 2%
190°¢ 62°C a7 hrs. 1.3+ .28
1500¢ 62°C 27 hrs. 1.2 + .2%
180°C 82°C 8-1/2 hrs, 7+ 2
190°C §2°C 2 days 1.3 + .25

19, A rate of flow experiment was made at 190°C kot wall, 6290

cold wall. This experiment showed that if one had two of this type connected
in series and introduced ordinaiy UFg at the neutral point between them, UFg
could be withdrawn from the tep of one and from the dottem of the other poe-
ses8ing 2 separation of 1.4‘% and at the rate of 2 kilograms in each fraction
per G-y, A similor experiment showed that at a hot temperature of 150°C,
empleying two ¢columns in series one cculd get a separation factor of 3.2 + 4%
and withdraw material at the rate of 2 kg of each fractiorn 2 day. This result
indicates that with a wide spacing iower hot wall temperatures are probably
advantageous. This is perhaps due to perasitic comvection currents which can
oceur when wide spacimgs are employed. DThe figures quoted point to pseudo
equilibrium on time of 2bout § hours for column 2.

Column #3

20. The axperiments performed om this apparatusshowed it to be far
superior to the previous columns. ZThe following results have been odtained.
Hot Wall Cold Wall Length of Fun 4 Separation
170°¢C 642C 1 day 8.6%
170°C 5470 2 days 9.2¢
170°¢C 54°C 4 days 9.6%
210°¢C 64°C 22 hrs, 8, 6%
210°¢C 649C 2-1/2 days 11,6%
210°¢ 64°C 4 days 10.6%

-7 -
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In these experiments the samples taken off were 100 grams each. If there is

no error in the experiment or analysis, a pseudo equilidbrium time of less than
a day - of the order of 10 hours at a hot well temperature of 170 is indicated.
FPseudo equilibrium at the higher temperature appears te be lenger = about a dagy,
on the basis that figure 131.6% is correct. However, there is an inconsistency
in the figures for 2-1/2 days and 4 days, which casts doubt on the reliebility
of 11.6% result. If the 10.6% value is correct then tne relaxatioz tice et
210%°C is about the same as at 170°C, Flow experiments have been made sbowing
that one can withdraw material in two fracticns possessing a separation of

and at the rate of 1 kg of each per dsy.

21. The improvement of Colunn #3 over Column #2 becomes clear when
it is recalled that virtue of a separation apparatus is measured by (LogS)“F
where S is the separation factor and ¥ is the rate at which each fraction can
be removed. On this basis, Golumn #3 is as mach as ten times as good as
Column #2.

Column #4

22, The experiments on this apparatus did not yield the marked im-
provement over Cclumn 3 that was anticipated. Nevertheless, an improverent
was obtained:

Hot ¥all Cold Wall Length of Ban ¢ Sepzration
170°¢ 640C 1 day 7.8%
170°¢ 64°C 2.2 days 13.0%
170°C 64°¢C 2.2 19.0%
2100C 64°C : 1 doy 13,59
21026 64°C 2.5 days 18.2%
210°¢ 64°C 4.5 20.4%

23. In the case of this apparatus 55 gram samples were withdrawn.

Consideration of the hold-up of the column and its pseudo eqilidbrium time
shows that two fractions of UF. 7C0 grams each can be withdrawrn from this
column, per “ay possessirg a separation factor of 138,

24, The figares indicate an improvement over Column #5 in (log $)2F
of a factor of 2.8,
Column #5
Hot Wall Cold Wall Length of Bun % Separaticn
170°C 60°C 1 day 1.7%
170°C 54°¢C 3 days 5.6%
215‘30 570C 1 day 8.4%
216°¢C 5700 2 days 11.1%
215°¢ 579C 3 days 11.7%
230°C 60°C 1 day 0.8%
230°C 80°¢C 2 days 12.6%
-8 -
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25. At this point it should be emphasized that when we speak of
bot wgll tempersture of 170° we mear that saturated steam at a guuge pressure
of 100 1bs is in contact with the inside of the nickel. Inactual fact = film
of water will at a2ll times be Iound upon the surface of the nickel and z cer-
tain temperature difference will exist between the outside of this film zmd
the nickel wall itself, In mddition, there is a {cmperature drop through the
nickel. In the case of very small spacings the temperature drop in this water
£ilm and in the nickel may come to be a considerable frastion of thot in the
UF, itself, Our measurements show that UFg bas a thermal conductivity of the
order of 4 x 10~% calories per degree centimeter. A similar comment holls
true in the case of the e0ld wall., In the case of the cold wall, water at a2
temperature of, say 649, was caused to circulate past copper at the rese of
about 10 feet per seccnd. At the surface of the copper ie 2 thin film of
waver which is motionless. For the heat to be conducted through tkis film
a2 gradient of temperature must exist and as 2 consequence it would not be
surprising if the temperature at the inside c¢ircumference of the copper were
10° higher than that of the circulating water. It would appear that the
foregoing phenomsena constitutes a large part of the reason for the decrease
in separation which was observed in Column #5. It ia readily seen that in
the limit as the wall spacings approaches O that 211 the texmerature drop
will occur irn the two surface films of water 2nd in the copper =and nickel,

(b) COperptional Characteristics

26. Throughout the work on the 36 foot columns careful attention has
been paid to determining the dependability of the columns. If a large plant is
to be set up capable of producing 1 kg of 90% Uyzs, many thousands of uaits must
ve empleyed. This will be true of any device which has, .to date, been employed
for isotope separation. Unless each individual unit which is to make up the
votal pyramid is absclutzly dependable and free from all troubles, the diffi-
culty of operating the asssemblage quickly becomes astroromical. To be practical
the device must be capable of a trouble~free operation which is at least equi-
valent to the performance of electrical motors. Imdeed, it wowld be desirable
to sarpass even their splendid degree of perfection. Naturelly, in the time
which bas elapsed it has not been feasible to subject cur columns to long time
performance tests, the maximum length of time for which any coiumn hzs been in
operaticn is 500 hrs. However, on the completion of experimeats, the experi-
mental units have Deen completely dismantled and parts carefully examined for
signs of corrosion ar of any progressive wear whose cumulative effect might
terd to impair operaztion of the column, Furthermore, the possibility has been
considered that UFg might undergo disoclation at the temperatures at which we
work. Xo evidence for this effect 23 been found. After operating columns for
500 hours the nickel which forms t. aot wall was removed and inspected., It
was found to be entirely unchanged, presenting the same shiny appearance that
it possessed when the column was initially assembled. These observations give
rise to the belief thet thermal diffusion colurms can rsadily be made to pos-
sess an umisually high degree of operating dependability.

TEE P1I0T PLANT

{a) Design

27. Design of the plant was ceasidersbly influenced by the need for
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speed. For instance, because of the availsbility of a heating boiler, the de-
cision was made to use this source of power in spite of the fact that the
maximum pressurs obtainable from this device was 185 pounds per square inch.
Qur experience in the past has indicated that 2 considerably higher nressure
is desirzble. The length of the columns was sot at 48 feet, largely beczuse
existing facilities would coxveniently permit of this arrangement. It was
felt that greater lengzth was desireabliz {192 feet). However, in the interest
of speed, the decision was made for the shorter length.

28. Many of the other design charscteristiecs of tkhe columns are
quite arbitrary: the diameter of the inner nickel tubing which acts as the
hot wall was chosen t¢ be 1-1/4 inch i.p.s. (1.667 inch o.d.); the factors
which set this diemeter were these: a smaller diameter would result in
lessensd productiorn per column, accompanied with a severe inecreasz in the
steam pressure drop within the column; a larger dimmeter, say twice as great,
would increase production by = factor of 2 2t most. However, if the wall
thickmess were maintained constant the rigidity of the tubing would decrease
to 1/8 and even if the wall thickness were increased to <ompensate for the
increased diameter the variation in dlameter of the tubing would still be
mich lerger than in the case of the 1-1/¢ inck i.p.s. It would appear that
some increase (25—50‘3) in diameter might be feasible. BHowsver, since our
earlier experience was with tubing of 1-1/4 inch i.p.s. it did not seem 24~
Ticzble to introduce a new experimental variable in vlew of the slight
advantage to be gained, The choice of nickel as the hot wall metal was made
because of the experience that nickel is probably the lsast corroded by UF5
of any elements in the periodic table. A possible substitute for nickel is
aluminum or some of the aluminum alloys such as duralumin. Oorrosion tests
bave shown these materials to be very resistant to UFg and wers the shortage
of nickel to be severe it is probzble that these materials could be used.

29, The material chosen for the cold wall was copper. At the
operating temperature copper is practically unaffected dy UFg provided a
preliminary fluorination has provided a protective fluoride coating on the
metel, Other considerations inecluded is the fact that copper is a good
tbermal conducior =md that commercial copper tubing presents a surprisingly
good uniformity of diameter and roundness. It is likely that apy one of many
metals could be used for the cold wall. The wall specing between the nickel
and copper tubing was chosen on the basis of experimental results on the 36
foot test columns, Under operating conditions this distance ie .25 mm,
Accordingly, the i,d. of the copper was set at 1.690 inches and an o.d. of 2
irchas was arbitrarily selected. N

30. With the spacing (.010 inches) which in cporation exists be—
tween the inner nickel and outer copper walla, the question nmaturally arises
as to the importance of exzctly mointaining this dimension. Commercial tubing
possesses deformities or irregularities which can cemse a deviation from the
chosen dimension, for instance copper tubing veries in its 1.4, due fo ovallty
from 1,688 to 1.692, Thiw would mean a spread of from 8 thousandths to 12
thousandths in the spacing. While this varietion extends over only a short
sectlon of the tudbipg a spreed of from 1.689 to 1.691 is quite common and it
is rother fartuitsas to find tubing which does not deviate to some extent
from the average i.d. of 1.6%0 inches. In addition, the copper tubing is never
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straight, There aore always bends and kiaks, ZIikewise the nickel tubing
possesses ovality and is not always straight. In seleeting the tubing that
was wed, ordlmary commercial copper was obtained. In view of the large
tolerances which the International Nickel Company prescribes for its tubing,
we agked the company to supply us material which would conform to somewhat
better gpecifications. Tkis the compauny was readily able to do, With lengths
of tubing which are employed i% seems necessary to employ sphcers in order to
center the nickel with raspect to the cepper, It seems obvious from the con~
sideration of the striaghtness of the tudes that these spacers must cccur at
least every 2 feet. To date, the method used for fastening the spacers has
involved the drilling end tapping holes in the miekel and serowing in 5-40
monel studs into the mickel. Subsequently, the tubing is placed in a lathe
and the monel is turned fswn to the proper dismeter. Various frequencies of
spacing are employed, but in 211 cases & 52t of smacers consists of 4 placed
arcund the nickel tubing at 90° intervals., The distance between sets which
has been explayed have been & inches, 12 inches and 24 inches. We have not
yet determined the cpiimtm distance bstween spacers, dut experiments ere in
progress., It ssams probazble that, as previcusly mentioned, there must be at
least one set every two feet, From the standpoint of labor alone, it seems
desirable to maintain the frequency at less than cne set every 6 inches and,
in fact, a greater fregquency might even be harmful to the process sinece the
spacers must produce a local non-uniformity of the heat gradients. TUsirng

the 36 faot column, an exXperiment was inadvertently conducted in which spacers
4id not center the nickel within the copper and isotope separation did occur.
We are under the impression that the successful working of a2 column is mot
largely interfered with by a lack of centering of the tubing or by ovality of
either the copper or the nickel.

3l. In the pilot plant 2 closed steam system is employed. Stean
is conducted from a heating boiler to & manifeld which is in the vicinity of
the top of the columns. This manifeld possesses 14 risers each serving a
single column. At the bottom of the columns a2 similar manifeld is loeased.
Each column possesses a stean valve at its top and boitom. Stesm is fed in
at the top for obvious reasons and condensate collected in the manifold at the
bottom. This condensate is lead through a trap to a condensate return pump
which feeds the water back into the boiler. To date, the stean operating
pressure employed has been 100 pounds,

2. Bach individual column has its own water circclating system in
vhich water at spproximately 50° is kept in motion by a Worthingtor 4 DE 15
horsepower centrifugal pump. Under our conditioms this pump causes a flow of
approximately 1,000 g.p.m. On this basis the temperature difference tetween
the bottom and the top of the colum is .5 of a degree G, To maintain the
tenmperature at 50°C hot water is Dled from the top of the system and 9 g.p.m.
of cold water {59C) is fed in at the suctioa side of the pump. OChoice of
centrifugsl pump was arbitrary and there is no reason to believe that a cir-
calation of 50 to 100 g.p.m. would not be adequate. Experimenis will be made
to deternine the zffect of such & mumping speed.
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{b) Haterials -

Nong ¥eight Cogt
672 £%, of 1-1/4 inch i,p.s. nickel tubing 1,750 lbs. $ 1,672.00
672 ft. <f 2 inch o.d4, copper tubing 2,000 1bs. 540.00
16800 ft. of 4 inch i.p.s. iron pipe 18,000 1lbe, 1,800,00
9C0 ft. of 2 inch i,p.s. iron pipe 4,000 1lbs, 500,00
assorted 5 inch end & iach iron pipe 4,000 1bs. 400.00
strucvaral steel - 5,000 1lbs, 600,00
brass and bronze walves and fittings 400 1bs,
migcellzareous copper 200 1bs,
migcellaneous nickel 100 1lbs.
15—4¢ DE cenirifugal pumps at 700 1lbs. each

10,500 1bs, mainly irom at a total cost of 5,400,00
{e) Cost of Operation

33. The plant, to date, has been onerated with steam pressure at

100 1lbs. per square inch and cold water temperature at 50°C. Under these
conditions 100 B,T.U, per second of steam heat is consumed and 9 g,p.m of
cold water at 5° is required per column. This steam consumption is approx-
imately 450 1lbs. per hour per column and with our boilers we find that 1250
1lbs. of coal are used each day. At $5 a ton for coal this amounts to $3.15
per day. Cost for cold water is $.25 per coiumn, At $.01 per kwhr the
power charge per ¢olum for the circulating system is $2.50, giving rise to
a total cost exclusive of aperating manpower of about $6 = day per column.
On a large scale with Tavorable location relative to 2 coal mine the steam
cost would decrease to a2bout $2.50 per day and it is quite probable that
charge arising from a circulating system might be reduced to less than $1
per day, giving rise to a total of $3.50 per day per column,

(d) DOperatirg Methods end Techniques

4. We shall consider first the testing and operation of 2 sirgle
column, The techniques that are used in ¢peratirg the columm hinge to 2
large degree on the physical and chemical properties of UI‘G. As has been
mentioned previously, in this report, considerable research has been de~
voted to determination of the physical and charic=zl properties of this
substance, Thus, it is the chemical properties of UFg which determines
that nickel mist be used with the hot wall and vhat no orsganic material
(in the form of packing) may be used in this device. Furthermore, at the
temperature at which it is desirable to operate, the compound possesses a
vapor pressure of about 400 1bs., per square inch. Accordingly, in con-
struction welded and brazed joints must be tested hydrostatically to in-
sure that there shonld te no lezk whatscever, The component parts ars
tested to o pressure of 800 1bs. per squere inch. Upon completion of the
column and after it is fastened into its operating position, procedures
are carried out which remove any excess oil from the working srace. These
precedures consist of washing with carbon tetrachloride and the passage of
high pressure hot water through the column. The device is then thoroughly
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dried and fluorine is introduced into onz end of the column which is heated
t0 120°C, This stream of gas ie maintained until fluorine is ohserved to
appear at the opposite end of the mpparatus which generaily requires about

2 hours when the flow of gas is 2 CC per second, The action of the gas is
to ferm = protective coating on the nickel snd copper and to remove any
last traces of orgenic materials or other substances which might canse de-
composition of the UFg. The epparatus is then ready to be filled with UF.,
Water is caused to flow in the circulating eystem and high presgure steam is -
adnitted to the inside of the nickel, The storage chamber contalning some-
what more than enough naterial to fill the coiumn ig connected to its

bottom and the temperature in the chanber is increased until it is approx-
imately 20° adove that of the hot well of the column, Uader these conditions
the vapor pressure of VFg; in the storage chamber drivee the material into

the column and maintains it there. In running, the &torage chamber is left
commected to the column and is mazintained at the 2,0° higher temperature.

Phus provision ig made against the creation of excessive hydrogtatic presscre
within the column. Were the storage chamber to be discoannected and the UFg
maintained ia the colupn without a provision for an exit, then an increase

in elther the steam pressure or water ¢irculating temperature would be
-accompanied by an increase in volume of the UFz. Arn excessive cooling would
also be harmful since then proper preesure would not be maintained on the
column, Ultimately, if the temperature were too low the material would
$01idify on the cold well. Finally, when too much of the material is
solidified very peculiar things hszppen in tke columm and the remaining liquid
material therein pitches violently., Eeeping the storage chamber connected to
the column thus maintains a constent pressure upon the material and provides
against drops which otherwise occur when inevitable temperature variation
comes.

35. To date it has not been found necessary to use any valves or
other moving parts in the column. 4 valve has been developed and tested
which is proving satisfactory, but as yet has not been used largely because
it was unnecessary to amploy in the preseat plant, In removing samples 1/4
inch monel tubing (1/8 ipeh i,d.) is employed, this tubing taps into the
column at the top srl at the base and extends out approximately 5 inches.
Under normal operating coaditions this tubing is filled with UFg which, at
tke end away from the column, is soiid. To draw off materizl from the
column, 2 container is fastened to the mormel tubing, Monel is then gertly
flamed, the ~nk of solid material melted and the contalner is practically
ipstantly filled with UFS.

Z6., In shutting down or stopping operstiona the method usuelly
employed is to freeze the tubirng connecting storage charmber sznd the column,
Stean is then cut off and when the colurx is cool circulating vmter is
stopped. This method prevents an excessive amount of ‘UFG from flewing in
while the column is cooling. The column possesses the proper amount of
material so that when running condition is reassuiled very little flow of
material out of or inte the storage chamber is necesSary.

37, 4A simple means has been devised and used to make possible
connecting up & oumber of columns in series. & convective loop is estab-
lished between the top of one colurm 2nd the bottom of the aext. In this
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loop, which econmietz of i/16 inch i.d4. tubing, material goes up one tubing
and 4own she other. Motion is established by subjzcting one tubing to a
tecperature cof epproximotely 150% and the second to & tenperature of
spproximately 110°, Density of the material in the tubing at 150° is .2

-.3 grams per cm® lese than that in the cooler tubing, As a result, material
flows down ir the cocl side of the loop end up in the hot side., & total
drivirg force-around the loop of 2bout 5 1bs per square ineh is obtained., It
is obvigus that this driving force could readily be increased by changing the
two temperatures, and, in fact, were it necessary a driving force of a3 much
as gO 1bs, per square inch could be obtalned. Eowever, viscosity of UFg at
130°C is of the crder of one centimsise and a satisfactory cirenlation ias ob-
talned under the conditions whkich have been discussed. This method of cir-
culation-has been used and proved to be quite satisfactory, To date, 4
colurms have been connected in series with satisfactory results,

(e) Fxperimentel Besults

38, Sufficient time has not elapsed since the beginning of oper-
ations on the pilot plant to accumlate many experimental results, It has
been thought best to start work by testing irndividnal columns first., Then
individusls have been connected to form series pairs,

39, One such pair gave the following results:
Tine Bottom Sample Top Sample
1 dey ~10 % 3.8%
3 days ~-20.9% 11.2%
5 deys -26.5% 15.0%
40, These were obtained using 2 hot wall terperature of 170°C

end a cold wall temperature of 50°C. Previous experience hes shown 2 more
rapld approach to equilibrium when higher operating temperatures zre employed
and this is expected to be 2lso true in the case of theses columms, One inm-
pertant consequences of thie experiment is the light it cshede on the effect of
dead space at the top of the columms. There is 1ittle doudt that the slower
rate of approach to equilibrium at the top of the second column of the pair
is due to this dead space. It seems fessible to diminish this volume by more
than 100 cc, by a re-desigz of %he top sylphon assembly, This change can be
accomplished in units which are not about ready for assembly and will not re-
sult in a delay in the testing of the plant,

COSTS OF LIQUID THEERMAY, DIFFUSION HESEARCH

41, Do date some $64,000 hae been expended on liquid thermal
diffusion research. The encunt of money spent on meterials between July 1940
and June 1, 1940 was %1100, In that period salaries of $5000 were chargeable
to the work, Between June 1, 1941 snd Jaly 1, 1942, a period which covers
nost of the work on 36 foot units, the sum of $18,000 was expended, This in-
cluded all salaries, materials and overhead charageable to the project, Be—
tween July 1, 1942 and December 1, 1942 $40,000 was expended - principally
for the pilet plant, A breakdown of this figure followsa:
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Materisls: +tubing, pipes, valves etc. $ 7,000
Centrifugal pumps 5,400
Conversion of Heating Beiler 9,000
uF 3,000
Saia:ies of scientific personnel 5,000
Szlaries and overhead of shop laber 1C,600

$40,000

RESULTS FEOM THEORETNICAL STUDIES

42, A theoretical study of liguid thermal diffusion has bBeen
begun by Dr. Rosen of the Universily of North Csrolina, OCalculations hove
alrsady teen made to determine the number of units required for 1 kg of sod
Upas per day. The unit taken is assumed $9 comsist of two 48 foot columns
connected in series. Material would be fed iz at & moint bDetween the
¢columns, Enriched material would be withdrawn from the tecp of cne columm
and impoverianed smbstance from the bottom of the sther. The enriched
materis]l would form part of the feed for the next layer and the impoverished
substance would form part of the feed for the preceding layer. The output
per unit is taken as 1 kg. UFg per day and the mumber of columns reguired
is calculated a function of S, In this connection § ig defined mas the
isotope ratio Detween the input and the enriched materials. The results
of two of these calculations are zhown in the following tables. The units
required are given in round numbers, In the case of § = 1,50 the stripping
asection is included. Ir the case of § = 1.1 edditional stripping - is
needed Tequiring about H000 24ditional unite.

Orjective: 1 kg 90% Uyzs per day
Separation: 3 = 1.5
Tracsport per Unit = 1 kg per day in positive direction
Stage TOoite in parallel % Uz of Feed
n=0 419 <71
1 281 1.06
2 189 1.38
2 137 2.36
4 B& 3,49
5 59 ) 5.15
6 41 7.53
7 a8 16,9
8 20 15.5
L 18 21.6
10 11 28.2
11 9 38,2
12 G 48,1
13 5 58.2
14 5 87.6
15 4 75,8
16 3 82.4
17 2 87,6
. Total Number 1312 Cutput 91,4 % Uozg
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kg 90% U235
= 1.10
1 kg in Positive Direction

Objective:
Separation:
Transport per Unit

[/ 7/ 2

Stage Units in paraliel % U235 of Feed

n=0 2092 7%
1 1502 .78%
2 1731 .86%
3 15675 .94%
4 1433 1.04%
5 13205 1.14%
10 815 1.82%
15 512 2.80%
20 323 4,59%
25 206 7.19%
20 134 11.1 ¢
35 88 16,7 %
40 50 24.4 %
45 42 34,3 ¢
50 31 45.6 %
55 23 57.5 %
60 18 68.5 %
65 13 77.8 %
70 » 85.0 %
4 s 89.2 %
Total Number 23,800 Cutput 80,1 %

£3. Other chargcteristicas of the units are belng investigated

including the relaxstion time of both the pyramid, and irdividusl columns
under varying conditions., &n attempt will e made to develosy ~ theory of
the processes by which isotope separation is obtained,

FUTUEE UNITS

44, Previcusly in this repert the reasons for selecting a 48

. foot length for the column have been detailed, Consideration of the factors
that go into successful operation of the column show that a more practical
iéngth for lerge scale operation would be approximately 192 feet. OCur unit
would consist of two 192 foot columns connected in saries, A reasonable
estimate of the performance of such a unit can be made. Thkisis based on the
assumption which is backed by experimental evidence that separation facior
increases as el. On this basis an equilibrium separation factor S = 7.4
would be obtained Detween the ends. This corresponds $o intreoduction of
material at .71% U235; equilibrium samples containing 1.92% U235 could be
taken from the top and samples containing .26% T235 taken from the bottom.
It should be emphasized thst thls repreeernts the equilidrium value and that
in the operating state one would run zt operating conditions in which me-
terial was removed =t 1.1% and injected at .46%. It will be possible to
pbtain a fairly good idea of the pseudo equilibrium time and output of such
a unlt by a test employing pressaot units of %he pllot plant.
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POTENFIALITIES FOR IMFROVEMENT OF APPARATUS

45. The potentialities for improvemesnt of the performence of
apparatus have not been exhemsted. Optimum spacing has probably not besn
achieved. In view of the crucial nature of this varizble a substantizl
improvement may be attainable, An improvement in performance will be ob-
tained by the use of better centering of the hot wall with respect to the
cold. To date, no resl attempt has becsn made to insure that the two walis
should be accurately concentric. Likewlse the proper frequency of spacers
is unknown,

46, Cptimum hot and cold wall temperatures have not been estab-
lished. No systematic investigation hase been made of the effect of warying
cold wall temperetures., All indicetione point to the velue of increzsing
the hot well temperature. To date, the maximum tempersture at the hot edge
of the UFg has not exceeded 200°C. No reason can e seen why this tempera-
ture could not be increased to 300°C or 400°C with adventagecus results.
The diffusion process would then operate on a combinetion of liquid and zas
with tt density of the gas being in the neighborhood of 1.6 grams/cm®.

47, Bedesign of the top of the colummz pan cause a decline in
peeudo equilibrium time, The use of higher temperatures will also zid in
this direction. Attainment of higher aseparations would probably de acconm-
panied by a decrease in the pseudo equilibrinm time for the pyramid.

COMPARISON OF VARIOUS SEPARATION METHODS

48, The secrecy which has been maintained around progress of
other methods mekes a gnantitative comparison between the schemes somewhat
difficult, However, it is quite feasible to meke a qualitative description
of the relative merits of the various methods, The gaseous Hertz diffusion
method possesses the following characteristics. The separation factor ob-
tainable in a single wit is low, in theneighborhcod of 1.004, Thums, in
order to obtzin a §0% T235 by this deviee, it is necessary that approximately
2000 units sheuld be connected in series, The virtue of the apparatus would
seen to lie in the fact that large guantities of materizl could be processed
by increasing the area of the d& ffusing screens. In addition, the time
necessary to establish =n initial equilibrium could be mzde reasonably short,
perhaps 90 days, By varying the size of the unit according to its place in
the pyramid it would be necessary to have only approximately 2000 units, It
should be rcoted, however, that 211 the units omst be connected in series and
that elaborate precautions must be taken to bypase units which might fall,
Farthernmore, ore maist have these 2000 units whether ke wishes to withdraw
1 kg or .1 kg U235 per day. The flow-through centrifugal method possesses
a higher separastion facter (s = 1,02), this figure can conceivably be in=
ereaced, Estimatee have been made for the tetzl number of urits heving a2
1 kg of 90% U235 per day and these involve the building of approximately
5000 of the mmits. This methnd produces very large quantities of separzted
material per unit and sgain has a wirtue of reasonably sherdt relaxation time.
However, the operation of an ultra centrifuge at 500 r.p,s. presents cobvious
technical problems for long time operation. Both the Hertz and centrifugal
nethods invelve exposing moving parts to UFg and the use of packing materials
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%¢ prevert the inward motiosn of air or cutward motlon of U.'E‘G. In view of
the great chemical activity of UF; it would seem debateable whether these
devices couid girs dapendsble operation for month after month, The third
method is the mass spectrograph, The virtue of this device lies in the
large separatione which ¢an be cbtained in one operation. Theoretically,
90‘% U235 night be produced in one operation. Actuslily, however, thle would
invelve 2 prokibitively precise and narrow adjustoent of a slit system and
would recult in negligible ylelds of material, 1In practice, a ten fold in-
crease in the purity of U235 cen be made st one step. The mass spectrograph
has the furtber virtue that relaxation time is extremely small since the pro--
cess ocours slmost instantly. Units of the mass spectrograph may be opera=—
ved independently and hence failure of one unit does not react upon the oper-
ation of the others. The weakness of mass epectrograph lies in the small
yields of material which c~n be obtained per day, It is probable that these
are in the neighborhood of 10 %0 100 ng of ten fold enriched uranium per day.
4 further disadvantage liss in the fact that only z emall fraction of the
initizlly volatilized material will reach the ¢ollecting plates. This is

not serious as long as the initial material is .7% U235, Hewever, if ome
were to attempt to reprocess '?5’6 U235 the diffienity becomes tremendous.

Thus, in order to obtain 70% U235 in two sieps with the spectrograph one -
would facé the following dilemna: of the 7% materiel introduced into the
spectrograph probably of the order of 1% would reach collecting surfaces.

The remazining extremely castly material would de scattered all over the
apraratus, It would be naceaszry to tear down the equipment and clean all
gurraces carefully to recover this przciocus Uranium which would then have

to be reconveried chemically into & form suitable for ionizing., Thie pro-
cess would have to be repeatsd many times before 21l the 7% pmaterial could
be processed.

43, Degpite the fact that Hertz diffusion and the centrifugal
method possess the capacity for large quaentity separation, these methods
must be made extremely dependable in order to compete with the spectrograph.
Indeed, the dependability must be et least of the order of that of 2 commer-
eial electrical motor, if not greater. While 1t is diffienlit to estimate
the cost of the number of units recessary to produce 1 kg of 90% U235 per
day using the specirograph 1t seems likely that the cost of suck an arrange-
ment would be well in excess of 350,000,000, Thie is also true of the Eertz
diffupicn and the centrifugel methods, At this date, our estimates place
the mumber of 384 foot units (two 192 columns in series) at $5250 in order
to obtain 1 kg 90% U235. In order to reach the 90% value 17 must be con-
nected in series. The cutput of the individusl units wouald be 250 grams
of UFS per day. A pyramid started with one vwnit in the top would sprezd to
250 units at the bottom, Thus, it would be possidble in attaining 1 kg 90%
U235 to operate 6 separate pyramids possessing 875 units each, These
pyranids would be completely indepenient of each other and individual feoil-
ure in one would not affect the operation of the remmining., It is estimated
that these units could be buiit on a large scale for $5000 each, meking a
total of $26,000,000, At present, the relaxzation time for a pyramid looks
to be gbout 300 days, dut our experiments hove shown that thie time can
probably be reduced.
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METHODS OF ARRIVING 4T A PRODUCTION RATE OF 1 Ef 90% U235 PER DAY

BC. To date, 8ll the methods of isotope geparation are actually
in the lzboratory state of development. Were war time conditions not pre—
vailing it is extremely doubtful if any responsibdle sciontist or enginzer
would recommend the jump toc manufacturing scale preduction., Very siight
errors in the design of a unit and slight imperfections in 1ts operation
could lead to diffieulities of an =Xtreme nature when an attempt was made
to operate thousands sirultaneously. Indeed, it is not difficult to vis-
ualize a state of affeirs in which operation of an appzratus might require
nore trained scientific and engineering personnel than is to be found in
these United States, The question arises as $o whether the goal of 1 kg
90% U235 is not an excessively high one and whether an approack to that
go2l should not be made more graduaily. It seems hardly possible that any
method could be made to begln operation on the 1 kg per day basis sooner
than 4 nonths and this would only be possible through the use of a2 super-
priority on materials and, indeed, most of the methods would require from
8 months to a year before they would be ready to start operations, Upon
the passage of the nstegsary relaxation time msterial could be withdrawn
at 1 kg per day proviled none of the usual "bugs" had been uncovered. In
approxinately a week enpugh materizl would be accumulated to obtain the
desired reaction. Suppose, orn the other hand, that the goal were set at
.1 of a kg S0% U235 per day. In the case of the centrifuge, mass spectro-
graph, and liquid thermal diffusion, the nurber of units that are required
would be approximately .1 that of the larger scale plane and the construce
tion would involve the use of approximately .1 as much strategic materials
and manpower, Since & fewer number of units would be required, cemstruction
time would be lessened and the difficulties of ebtaining materials decreased.
In setting up a2 plant the troubles found in ¢btaining dependable operation
would be cut, resulting in the saving of months of time. If a 1 kg per day
pyramid conld be put in operation in as little as a year and 3 months then
2 .1 kg plant could certainly be placed in production in a year. After the
paeszge of 70 days enough material would be atcummlzted to produce the de—
sired reaction. It would seem that under even the mest favorsble condi-
tions a 1 kg per day plant could not be made to produce the initial desired
ancunt faster than a .1 kg per day plant.

AN ATTERENATIVE TO THE ) EG FER DAY PLANT

ol. Such is the extrapolation that is being msde in jJunping
from laboratory conditiouns o the mamufacturing conditions that the
question even arises whetheor haste might not de made more rapidly by de—
creasing the immsdiate objective still further,

52. Such a decrease in objective wouid be proctical if =
collaboration could be arranged with the group working at Chicago, The-
oretical physicists connected with this group have stimated that if 250 -
1000 kg of 1,4% U235 were assembled with suitable graphite a divergent
chain would result. This would provide o source of energy whose dimensions
would be fairly consistent with naval needs. It is not thought that a rezlly
violent explosior would result from the chain, A product of the divergent
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chain is neptoriun {(element 94) of mass 239, Messurements hove demonstrated
that a sufficient eccumilation of this material (5-10 kg) could be used as

& svbatitute for $252. Neptunium has properties which permit of its easy
chemical sszparation from other &lemente including Uranium,

53. The goal of 500 kg of 1.4% U235 is one which is capzble of
relatively easy attainment, On the basis of the use of 192 foot Munitsh
- having an cutput of 250 grams TFg per day with a separation of S = 1.50 bee -
tween input and output, an estimate ¢an be made of the number required, A

number of independent pyrzmids would be used having the fellowing character=-
istics:

Siage Unite in Parallel % U235 of Feed
N=0 , 4 .1%
1 1 1.07%

Input 1.18 kg TE U235
Output .25 kg  1,6C% U235
Reject .93 kg .47% U235

54, A plant consisting of sixty independent pyyamids {300 untts)
would produce 500 lg 1.60% U235 in 82 days of running. Of this time 32
days would be required to allow the plant to attain its initisl hslf eqoi-
1libzium time state.

55, An 21ternative arrangement would consist in operating a1l
300 units independently. The output would be 50 kg of 1.07% U235 and 75
kg 1 day of .47% U235. Since only 16 days would be required for the
attainment of half equilibrium, in B2 days after the start of opsrations
a total of 3,300 kg of 1.07% U235 would be produced.

S56. An important factor to consider is the purity of the product
obtained from our separation method. The diffusion apparatus introduces no
impurities. After separation has been performed it is feasible to attain
2 high degree of purity by use of a fractionating column. Material treated
in this way could be converted to very pure Uranium and much of the costly
purification currently required for Chicago materials would be eliminated.

57. The estimate of the amount of material neceded by the Chicago
group %o produce z chain reaction is necessarily very crude. Information
concerning the many experimenis performed by these workers in the last six
months has been denied to us, It is vitelly necessary that there be an ex-
change of technical information if proper plana are te be made for future
plants and progress of the work is not to be unduly impeded.

CONCLUSIONS

58, Liqguid thermal diffusion has been shown te be a practiczl
means of separating Uranium isotopes. The virtmes of the method lie in
case of maintaeining a pure product combined with a fairly large separstion
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per column and moderate output. The priacipal weaknzss is high consumption
of energy in the form of stean. Experiments employing z unit consisting of
two 98 foot columms ylelded samples possessing sn isotope separaticn of
45,5% (S = 1,455), The unit is capsble of producing 1 kg each of two frac-
tions differing in isotope separation by 20%.

89. FPotentialities for improvement of the apparatus have not
been exhsusted. The changing of experimental varizbles may yet lead to a
substantial improvemept in performance, Veriables to be irvestigated in-
clude: spacing and centering of hot wall with respect to c£old wall; cold
well temperature and bot well temperzture.

8C. On the bmeis of 384 foot units (comsisting of two 192 foot
colums in geries).an estimate hos been made of the number of unite re-
‘quired for 1 kg of 90% U235 per day. Such a plant would require 5250 units
costing about $26,000,000.

€l. Thiz 1 kg ner day plant compares favorably in cost and
probable operating depend=bility with other propnased schenmes.

62. The question is raised whether a 1 kg per day plant is & de-
sircble immediate objective, The alternative of producing either 1.6%
T235 or 1.07% U235 to be used in zn experiment similar to that in progress
at Chicago has been considered and found attractive. For this purpose a
plant of 300 unite would be sufficient. :

BEC OMMENDAT IONS

63. It is recommended th=t the current obstruction to transfer
of information between this labeoratory amd Chicago shonld be removed,

-
64, It is recommended that investigations be contimued at this
Laboratory employing both the pilot plant and the 36 foot experimental
unit, It is felt that three months of further investigations is needed
before an attempt should be-made to desizn a larger plant.

LPPENDIX

(a) Some Physical and Chemical Propegties of UFg.

65. Once the decision had been made that UFg was probably the
only Uranium compound which can be used in the ligquid thermel diffusion
it became clear that a greater knowledge of this compound was needed. In
the first place, at ihe beginning of this research perhaps no more than
100 grams of the substance had ever been produced anywhere before, There
had previously existed no reason for & detailed invesiigation of the com~
pound, The first problem that had to be met was the production of ke
compound in large amounts. A solution was discovered whigh today is used
commercially for the production of UFg, Briefly, this consists in the
preparation of UFy by en ordinary wet chemical msthod, This compound is
then completely dried end converted to UFg by fiuorination ot 350°C. A
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second wroblel was the question of suii-ble containers fox the zeterliel.

It wa: - 1ickly learned that UF. ie exiremely reactive chemicelly., It is do-
compoae.. glmost inmetantly by water. It rescts with almost all srganic
naterizls. Ia this respect it is closely akin to fluorine. Fortunetoly,
because of = protective coztipgs —echaniam the satastante can be zxposed to
certain materisls for long periods of time without appreciable decomposi-—
tion. Ax investigation was made usling: 2 dozer differenit metais to dstermirpe
which was superior. It was datermined that Lest performarce was chtainad

if the materizl to be testod wag Tirst herted and esxposed for a perisd of
tize to the action of fluorine ges, Under these circumstznces it was found
that & 2 temperature 28 hizh aa 3509C nickel undergoes practically no
corrosion by UFg;, It was further found that traces of molsture seemed io
decompose the protective fluoride ccating in the case of some sudbstarce,

if U¥. is completely freed from moisture silver, solder is very littla
corroded et 150°C. However, in the presence of trzaces of acisture, the
solder acts like 2 different substaxce apd is readily corroded.

65. Search of the literr~ture revesled that = czude melting point
determination nad been made on UF. =223 tha’ vapor pressure meesorsments had
been carried on onmly to pressures of two atmospheres. It sesmed negessary
to redetermine the melting point (549C) and %o carry ihe vapsr presgurs
measurexdents up to mxch higher pressures.

57, The results of these neasurements zre given in the following
table:

Yapor Pregsure of Urs

Iemperature Pressure
5590 15 1bs/in?
65°C ' 23 1bs/&n”
20°C . 37 lpsfind

100°C ‘ 63 1bvefin?
1187 7 I%s/in®
127°C 133 lbsfir

162°C 220 thsfin®
200°¢ 448 Ihefin?
230°C 720 1hs/ iz

The measurements have a probable error of Sﬁ.

The critical poimt is apother physical conmstantwbose value 1s of Interest
in copnection with this problem, A determinaticn has besr made and re-
sults in a value 23290, Another set of data which is of importance in
arriving at some vuderstanding of the processes of liquid thermsl diffu-
sion and in dezling with UFg in the liquid state are meamurements of
density of the substances ags z function of temperature, A table follows
giving this relatlon:
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Density of Ul‘s

Tepperature ensity
7’1:(: 3.63
156% 3.11
203°% 2.62
215% 2.32
2259C 2.69
230°%C 1.63

Some e@erments have beea run at temperatures of 275°C and densitles of
2.1 gosfen® in which the UFg was in the gaseous state.

88. In passing it shonld be noted that, while a precise meazsure-
ment of the change of density on melting has not been mede, that this
chrnge amounta to roughly 20%. Uranium hexafluvoride becomes more dense
ou freezing., A further constant that is cf interest is viscosity of the
liquid ccmpound, This has been measured somewhat crudely end 2 result of
1.6 centipoises has been obtained for the liguid at 100°C,

65. An eXperiment was ¢ondueted to test electrical conduetivity
of 11'?5 The material does not readily conduct e‘ther A.C or D.C. 20d has
2 high electrical resistance (grecter tham 10° ohm M%)
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View Showine Upper Poriion of Pilot Flant

The lower tan feet is screened by a wall., IBisht columns
are in place on the front side of the structurai steal, The
three pairs of lagged linee on the right side of the picture
carry 1/16% I.D, tubing which serves to comnect ¢clumns in
series, The 4" I.P.S. pipe behind the structural steel serves
as the return portion of the circulating water loop.



YIEW SHOWING UPPER PORTION OF PILOT PLANT

PLATE 2



VIEW SHOWING BASE OF PILOT FLANT

PLATE 3
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Yiev Showineg Base of Pilot Plant

Scientist Eemoving Sample of Urg
Circrlating Water Eeturnse

Circulating water ipnput

Base of column

Steam line showing Joint at base of column
Steam shut-off Valve

Steam Condensate Manifold

Water input Maaifold

Centrifugal water curculating pumps
Joints allowing for thermal expansion
Storage Chamder for UFg

- 3-a ~



PLATE 4

VIEW AT BOTTOM OF PILOT PLANT
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1,
2a

3a
4.

10.

Tigw at Top of Column

Sylphon bellows assembly which permits motion of hot
nickel tubing relative to cold cepper tubing,

Quilet tube for gsamples

Small Sample Container

Portion of connmective loop connecting top of column at
left to bottom of mext column,

Pipe housing hot side of commective loop. Thias pipe
carries two 17167 I.D. tubes,

Pipe housing cold side of connective lcop. This carries
twe 1/16% I.D. tubes.

Link Conneciing columm to hot side of loop.

Link Connecting column to cold side of loop. Elecirically
heated,

Top of circulating water return line

Steam input line.
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